I. INTRODUCTION
Density functional theory (DFT) is now capable of accurately computing ground state properties for a variety of materials. [1] [2] [3] [4] DFT has its foundations in the Hohenberg-Kohn theorem, 5 which states that all ground state properties of a material (including its total energy) are some unknown functional of its charge density. The most commonly used approximate functionals are those developed in the local density approximations (LDA) 6 or generalized gradient approximations (GGA). 7 Both the LDA and GGA introduce a nonphysical electron self-interaction energy, [8] [9] [10] [11] [12] [13] and much of the success of these theories is attributable to the cancellation of this self-interaction energy between the different calculations that are combined into a property. However, predicting relative energies of compounds with very different electronic environments is significantly more challenging as this error cancellation cannot be relied upon.
One method to mitigate the self-interaction error is the GGA + U method, 14 which selectively adds an energy correction to localized electron states such as d or f orbitals for which the self-interaction is particularly large. The GGA + U method often correctly reproduces the relative energetics, magnetic ground states, and electronic structure for systems in which GGA fails, 8 including redox reaction energies in oxides for which GGA may produce errors of over 1 eV/f.u.. 15, 16 However, the GGA + U method also suffers from several limitations. In particular the transferability of U across compounds is limited. For example, Franchini et al. used the GGA + U methodology to calculate heats of formation for four binary-manganese oxides (using a single U for both metallic Mn and the oxides) and found an average relative error of about 4% after fitting the O 2 energy to minimize the total error. 17 While better than a GGA approach, 17 this still represents a significant error (a 4% relative error in Mn 3 O 4 is greater than 0.575 eV/f.u., or about 55 kJ/mol). As we will demonstrate in this paper, the GGA + U framework generally fails to produce the correct energy difference between compounds with localized/correlated and delocalized/uncorrelated electronic states, leading to errors in many technologically relevant quantities, such as ternary-oxide phase diagrams or electrochemical reaction energies such as lithium conversion voltages. This lack of a single functional that reliably describes all chemistries hinders the use of DFT as a predictive tool, especially limiting applications such as high-throughput studies that investigate broad chemical spaces. 18 Given that DFT seems to be evolving towards functionals that are more specialized for particular chemistries or geometries (e.g., surfaces), 11, 19, 20 approaches to combine energies calculated with different functionals will be needed. We propose in this paper a technique that, rather than using a single theoretical framework, combines GGA and GGA + U energies to improve the formation enthalpies of reactions between compounds with different electronic characteristics. Such an approach is especially appealing because each compound may be computed using the framework that best describes the material. The premise of our approach is that GGA is reasonably accurate in calculating energy differences between compounds with delocalized states, 21 but fails when the degree of electronic localization varies greatly between the products and reactants. 15, 18 GGA + U, on the other hand, performs well when studying reactions between compounds with localized states (e.g., oxide-to-oxide reactions). Our approach adjusts the GGA + U energies using known experimental binary formation enthalpies in a way that makes them compatible with GGA energies. Although energy calibrations based on comparison with experimental formation enthalpies have been suggested in the past, 15, 22 we believe this is the first framework that attempts to systematically mix GGA and GGA + U energies. We present evidence that such a mixed approach more accurately reproduces the relative energies of compounds with delocalized and localized states than either technique by itself.
Before proceeding, we mention that new functionals beyond GGA or GGA + U may better represent transitions from delocalized to localized electronic states. For example, hybrid methods that mix in a fraction of Hartree-Fock exact-exchange energy represent one possible improvement as the HartreeFock method explicitly cancels the self-interaction energy. In particular the HSE06 10, 23, 24 hybrid functional has been shown to accurately reproduce redox energies without the need to introduce the U framework. 17, 25 However, further investigation of the HSE06 is still needed to clarify its accuracy against GGA + U within both insulating and metallic systems. For example, recent evidence indicates that the HSE06 does not accurately reproduce phase stability in some oxide mixtures. 26 Our mixed GGA/GGA + U method is also less computationally expensive than HSE06; in their study of oxides, Chevrier et al. reported about 40 times higher computational expense to use the HSE06 functional than GGA + U.
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II. COMPUTATIONAL METHODOLOGY
We used the Vienna Ab Initio Simulation Package (VASP) 27, 28 for our calculations in conjunction with the GGA functional 29 as parameterized by Perdew, Burke, and Ernzerhof. 30 The core states were modeled with projectoraugmented wave pseudopotentials, 31 and the plane-wave energy cutoff was set to 1.3 times the maximum cutoff specified by the pseudopotentials of the elements in the VASP software. 32, 33 We used a k-point grid of (500)/n points, where n represents the number of atoms in the unit cell, distributed as uniformly as possible in k-space with a Gamma-Centered grid for hexagonal cells and a Monkhorst-Pack grid 34 for all others. All compounds were initialized with the crystal structure information as reported in the Inorganic Crystal Structure Database (ICSD) 35, 36 and structurally optimized in two consecutive runs using the AFLOW software. 37 We set the electronic energy difference required for convergence to 5×10 −5 eV × n, and the energy difference required for ionic convergence to 10 times that for electronic energy convergence. Data regarding the accuracy of these parameters can be found in a previous paper. 18 For binary oxides we tested multiple magnetic configurations for a single unit cell using an automated algorithm; for ternary oxides, we initialized all calculations ferromagnetically only.
Unless otherwise specified, we used a 1.36-eV energy adjustment to the O 2 molecule to correct for the GGA binding energy and correlation errors as suggested by Wang et al. 15 We used the rotationally invariant approach to GGA + U proposed by Dudarev, 38 in which the total energy can be expressed as In Eq. (1) n represents the occupation matrix of 3d orbitals with the subscripts m representing the d-orbital index (angular momentum quantum number) and σ indexing the spin. The onsite Coulomb parameter U and the exchange parameter J are combined into a spherically averaged, single effective interaction parameter, U-J. We will henceforth refer to this effective interaction parameter simply as U. In addition to correcting the orbital energies of the localized d states, the correction term pushes orbital occupancies toward integer occupations for which n = n 2 (or equivalently n = {0,1}). Such a formulation thereby helps avoid errors in standard DFT functionals caused by a continuous derivative of exchangecorrelation energy with electron number, which often leads (usually incorrectly) to partially occupied d bands. Further discussion of the GGA + U method and its application can be found in a review by Anisimov et al. 8 We fit U values according to the methodology of Wang et al., 15 averaging the U value over several reactions. Our resulting values are in close agreement with Wang et al.'s previous work (Table I) . 15 Our reaction enthalpies are computed at 0 K and 0 atm and neglect zero-point effects. We believe this approximation is acceptable because heat capacity and density differences between solid phases are generally quite small, leading to only small effects of temperature and pressure. One estimate by Lany, for example, suggests that the difference between H 298K and H 0K is typically less than 0.03 eV/atom.
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III. THEORETICAL FRAMEWORK
A. Basis of theory
The essence of our technique to mix GGA and GGA + U results is to decompose general formation reactions as a set of subreactions. The subreactions are chosen such that each reaction is (a) well represented by GGA alone, (b) well represented by GGA + U alone, or (c) a formation reaction of a binary compound with localized states with known (e.g., experimentally tabulated) reaction energy. In our examples this will be the oxidation reaction of a metal.
In general we consider reactions involving metals and metal alloys to be well represented by GGA [i.e., category (a)]. 39 We also consider main group compounds that do not contain localized d or f states (e.g., Li 2 O) to be in this category. 15 The GGA + U category (b) includes reactions between compounds with localized or correlated electronic states. 13, 15, 40 For the remainder of this paper we focus on the transition-metal oxides as the localized compounds of interest (in Sec. IV C, however, we apply our technique also to fluorides). Finally we use experimental data for reactions (c) involving the formation of localized/correlated binary compounds from the elements. Our motivation for selecting binary-formation enthalpies as the class of reactions (c) is two-fold. First, such reactions bridge the gap between GGA and GGA + U because they include both compounds that we expect to be accurate within GGA (the elements) and compounds that we expect to be accurate within GGA + U (localized/correlated binary oxides). Second, the energies of these binary-formation reactions are generally well-tabulated in the experimental literature, making our adjustments easier to determine from a practical standpoint. Our calculation methodology is schematically shown in Fig. 1 .
As an illustrative example of how to decompose reaction energies using the method specified previously, we consider the formation of FeAl 2 O 4 from FeAl, Al, and O:
The reaction energy of [2] is challenging to calculate because the electronic environment of the product FeAl 2 O 4 is much more localized than that of the reactants, which implies that one cannot rely on cancellation of self-interaction errors. The conventional way to compute the energy of reaction [2] is to use either GGA or GGA + U for the FIG. 1. (Color online) Calculation methodology for mixing GGA and GGA + U calculations. The elements and all delocalized/ uncorrelated compounds are computed with GGA. We compute with GGA + U all localized compounds; in this work, this includes any oxide containing one of the elements listed in Table I . Other types of localized compounds, such as transition metal sulfides or fluorides, might also fall within the realm of GGA + U calculation. The energy adjustment applied to GGA + U can be envisioned as a virtual reaction between the elements and localized binary compounds that is determined using experimental data. This energy adjustment is described in Eq. (6) 
The sum of these reactions reproduces reaction [2] , and each compound is labeled by the framework by which the computation should be performed according to our proposed guidelines. We have labeled metallic Al with both GGA and GGA + U labels because we do not apply a U correction to Al (Table I) , thereby making the GGA and GGA + U techniques equivalent. We label O 2 with the label 'fit' because we employ the energy adjustments suggested by Wang et al. 15 Finally we note that reaction [5] contains a transition from metallic Al with delocalized states to Al with more localized states in FeAl 2 O 4 . However, the error of transferring electrons from s and p metals is already accounted for in the O 2 correction as determined by Wang et al., 15 and so we expect this reaction to be accurately reproduced using GGA with U applied only to Fe d orbitals.
We can now compute each reaction enthalpy under different computational methodologies and then add the results to predict the overall reaction enthalpy. We expect that reaction [4] will be in error because it mixes GGA and GGA + U calculations without any energy adjustments. Later in this section we will quantify this error and remove it by adding an energy adjustment based on known experimental data.
The enthalpy of reaction [3] is overestimated by 0.126 eV in GGA, and the enthalpy of reaction [5] is underestimated by only 0.012 eV/atom in GGA + U. Therefore, in the case of FeAl 2 O 4 formation, both GGA and GGA + U are fairly accurate within their realm of application. Assuming the energy of reaction [4] is adjusted to produce no error, the total error in reactions [3] - [5] is only about 0.114 eV, which represents a very substantial improvement over both the GGA methodology (error of 0.930 eV/atom) and the GGA + U methodology (error of 0.984 eV/atom). Removing the error of the binary formation reaction [4] thereby provides the opportunity for substantial improvements over conventional reaction energy predictions.
To remove the error of binary formation reactions, in general we propose that the energy of all GGA + U calculations be adjusted via the equation
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FIG. 2. (Color online)
Differences between experimental and calculated and formation enthalpies as a function of metal content for V, Cr, Mn, Fe, Co, Ni, Cu, and Mo. The calculations used GGA for the metals and GGA + U for the binary and ternary oxides. The differences from experiment increase linearly with metal content in the oxides; this difference can be removed simply by adjusting GGA + U energies for the oxides via Eq. (6) . The gray line is fitted via least-squares to the binary-oxide data alone (red squares), and its slope represents the magnitude of the adjustment E M , which is specific to the metal and U value. However, ternary oxides are also well represented by this line, suggesting that the adjustment generalizes beyond the binary oxides.
In Eq. (6) M represents the set of metals which have a U value applied (listed in Table I ). The number of M atoms in a compound is represented by n M , and the error in the binaryoxide formation enthalpy (per metal atom) is represented by E M . We will fit E M for various metals M in Sec. III B. Equation (6) subtracts out the error in the binary-formation enthalpies similar to reaction [4] , in essence allowing reactions to be broken down into GGA and GGA + U components but connected by a 'virtual' binary formation reaction.
We emphasize that the correction in Eq. (6) is formulated such that it only affects reaction energies that mix GGA and GGA + U calculations. A reaction energy computed purely in GGA + U (such as reaction [5] ) will contain the same correction to the reactants and to the product and thereby be completely cancelled. Similarly, a reaction energy computed purely in GGA (such as reaction [3] ) will contain no corrections because the proposed framework only adjusts GGA + U energies. The adjustment only affects computations which 'bridge' GGA and GGA + U calculations, such as reaction [4] .
B. Transition metal fits
We now attempt to determine the errors E M for various transition metals so that we may use Eq. (6) to adjust GGA + U energies. One method to find E M is to pick a single binaryformation reaction for each metal, such as the Fe 2 O 3 formation reaction [4] for Fe, and compute the difference between the calculated and experimentally reported enthalpy of reaction. However, to provide a more robust fit and to demonstrate that the error E M does not depend much on the particular reaction selected, we simultaneously fit E M using several binaryformation enthalpies for each metal. We focus on binary-oxide reactions because our U values (listed in Table I ) are intended for oxides.
For each metal we compute the energies of multiple reactions of the form
for which the reaction enthalpy is listed in the Kubaschewski tables. 41 We note that in Eq. (7) the metal is calculated in standard GGA, whereas the metal oxide is computed in GGA + U. The correction E M is determined as the average difference between the experimental and computed formation enthalpy for each of these reactions [normalized per metal, as in Eq. (7)]. Figure 2 shows the difference between the uncorrected calculated reaction energies and experimental values. The enthalpy differences in Fig. 2 are normalized per atom and plotted as a fraction of metal content in the compound. In this representation the correction E M is represented by the slope of the least-squares regression line that passes through the origin. This method of viewing the data helps demonstrate the validity of our decision to add a correction proportional to metal content: the difference between experimental and calculated reaction enthalpies in Fig. 2 clearly depends linearly on metal fraction for the binary oxides as is suggested by Eq. (6) . To further demonstrate this trend, we also plot in Fig. 2 the differences in ternary-oxide formation enthalpies from the elements (blue circles). Because the ternary-oxide data falls roughly on the line obtained from the binary oxides, we can be more confident that the adjustments that are fit to binary oxides generalize well to multicomponent oxides. The full ternary-oxide data set is presented in the Appendix, and a full list of our adjusted values is compiled in Table I .
IV. RESULTS
A. Test set of 49 ternary-oxide formation enthalpies
We test the applicability of our mixed GGA/GGA + U energies in reproducing 49 ternary-oxide formation enthalpies from the Kubaschewski tables 41 versus standard GGA + U. We restricted our test set to mixed-metal oxides and avoided polyanion systems (e.g., phosphates, sulfates, borates, etc.) because we believe other systematic errors in GGA may be present for these systems. 18 The compound set includes the ternary oxides from Fig. 2 and adds compounds that contain multiple corrected metals. The full list of compounds we tested along with our computational results is presented in the Appendix. We emphasize that all our energy adjustments were fit only to binary oxides and not to any compound in this test set.
In Fig. 3 we compare formation enthalpies calculated in three different ways. The first method, represented by black 'x' data markers, uses standard GGA + U to compute both metal and compound energies along with Wang et al. ' s O 2 energy fit. 15 Figure 3 demonstrates that the GGA + U calculations poorly represent the experimental data, showing a mean absolute error (MAE) of 464 meV/atom [a mean absolute relative error (MARE) of over 21%]. We believe this reflects the failure of GGA + U to properly capture the energetics of delocalized metallic states. To improve the standard GGA + U results, we follow the work of Franchini et al., 17 fitting an alternate correction to the O 2 energy. The yellow triangles in Fig. 3 represent pure GGA + U formation enthalpies in which the O 2 energy has been set to a value that minimizes the MARE over the data set. We find this O 2 energy to be 0.166 eV/atom higher than the energy fit by Wang et al. 15 This refitted O 2 energy removes a large portion of the pure GGA + U error, moving the MAE down to 172 meV/atom (MARE down to approximately 7.7%). However, although producing more accurate results, refitting the O 2 energy creates the problem of conflicting O 2 energies: one O 2 energy is accurate for nontransition metal-oxide formation enthalpies 15 and another is accurate for transition metal-oxide formation enthalpies. This problem can be avoided and even more accurate results can be obtained by using the GGA and GGA + U mixing scheme proposed in this paper with Wang et al.'s original O 2 energy 15 (red circles). In this method we have used GGA to compute the metals, GGA + U to compute the ternary oxides, and shifted the GGA + U energies using Eq. (6) and the adjustments from Sec. III B. The MAE using our shifting method is approximately 45 meV/atom (MARE under 2%), representing a significant improvement over all standard GGA + U results. This supports our hypothesis that most of the error in reaction energies occurs when electronic states on transition metals change their localization character, and this error may be corrected by applying an energy adjustment proportional to the transition metal content.
B. Application to ternary Fe-P-O phase diagram
Thus far we have emphasized formation enthalpies from the elements, but our methodology also generalizes to arbitrary reactions. To demonstrate how our framework seamlessly mixes GGA and GGA + U calculations, we compute the phase diagram for the Fe-P-O system using methods described previously 44 and using source crystal structures from the ICSD. 35, 36 Such a phase diagram is challenging to predict from first principles because its construction requires comparing energies between compounds that are largely delocalized in their electronic states (e.g., elemental Fe) largely covalent (e.g., FeP) and largely localized/correlated (e.g., Fe 2 O 3 ). We consider a phase diagram successful if it reproduces the compositions from the ICSD (which are known to exist experimentally) as stable on the phase diagram.
We present three phase diagrams: one computed using pure GGA for all compounds, a second computed using pure GGA + U for all compounds, and a third using our mixed GGA/GGA + U framework. Wang et al.'s O 2 fit is used in all cases; we note that using our refit GGA + U O 2 energy from Sec. IV A does not change the phase diagram. We display graphically in Fig. 4 our computation strategy for the mixed-phase diagram: we use GGA + U for all compounds containing both Fe and O (e.g., Fe 2 O 3 , FePO 4 ) and GGA for all other compounds.
The pure GGA phase diagram we compute is shown in Fig. 5(a) . As the GGA formalism is generally considered quite successful for compounds that do not contain localized orbitals, the Fe-P compositional line correctly reproduces the phases FeP 4 , FeP 2 , FeP, Fe 2 P, and Fe 3 P as stable. However, the Fe-O composition line hints at a failure of GGA for the oxides; no compound near the composition FeO is found to be stable. This failure is even more apparent when looking at ternary Fe-P-O compounds; several important compounds, such as Fe 2 P 2 O 7 and Fe 3 (PO 4 ) 2 , are absent. Thus a pure GGA phase diagram is not able to accurately treat all systems in the Fe-P-O compositional range. We attribute this failure to the well-studied problem of GGA producing poor energies for compounds containing localized d-bands such as transition metal oxides.
The standard GGA + U phase diagram is shown in Fig. 5(b) . As we expect, the GGA + U formalism corrects the selfinteraction error in materials containing localized orbitals so that the Fe-O binary and Fe-P-O ternary compounds are more correctly modeled. The Fe-O binary system, for example, shows a stable phase Fe 14 O 15 near the FeO composition. The standard GGA + U formalism also correctly reproduces Fe 2 P 2 O 7 and Fe 3 (PO 4 ) 2 as stable phases. However, GGA + U fails along the Fe-P line where self-interaction is not as high as in the oxides; several important Fe-P phases, including FeP and FeP 2 , are not found to be stable within the GGA + U framework. Therefore, while GGA + U correctly identifies the stable oxides, it fails in the regions of the phase diagram containing equilibria between compounds with more delocalized states.
The phase diagram produced using the mixed GGA and GGA + U technique outlined in this paper, Fig. 5(c) , successfully reproduces the Fe-P-O phases in all areas of the phase diagram, in essence acting like GGA + U in the regions with high self-interaction and like GGA in regions with low-self interaction. All the phases found individually by either GGA alone or by GGA + U alone are simultaneously present on the mixed GGA/GGA + U phase diagram, showing how our framework in essence naturally stitches together the successful results from GGA and GGA + U. The energy adjustments we propose thereby lead to a more accurate representation of the entire Fe-P-O phase diagram under a unified framework. 
C. Application to Li ion electrode-conversion voltages
One potential technological application of our work is the study of voltages in Li ion battery-conversion electrodes. Conversion electrodes differ from typical intercalation electrodes used in commercial Li ion batteries in that the electrode undergoes a structural transformation during the incorporation of Li. Conversion electrodes offer the potential for higher energy densities but pose other problems, such as reduced battery cyclability and lower Coulombic efficiency; a review of this topic can be found elsewhere. 45 The GGA error in predicting Li intercalation voltages in oxides has been previously discussed by Zhou et al. 40 and is attributed to the electron transfer from the metallic state in Li metal to a localized transition metal d state in the oxide. It has now been amply demonstrated that such reaction energies can be well predicted by using GGA + U on the transitionmetal oxides. However, in conversion electrodes both Li and the transition metal undergo transformations between their metallic states and oxidized states.
For example, one such electrode is LiFeF 3 , which is believed 46, 47 to incorporate Li via the reaction
The electrochemical voltage of reaction [8] , which is approximately equal to H/2, 48 was calculated by Doe et al. to be 2.91 V using GGA. 47 The measured potential, averaged between charge and discharge, is close to 2.5 V (although difficulties exist to ascertain it more accurately than about 0.1 V attributable to polarization in experiments). 46 Doe et al. attributed the GGA error to the difficulty in simultaneously modeling the delocalized states of Fe and the localized states of LiFeF 3 and subsequently fit the Fe energy using known FeF 2 and LiF enthalpies. 47 With the fitted Fe energy, Doe et al. arrived at a calculated potential of 2.62 V, 47 in somewhat better agreement with experiments. However, Doe et al. only fit corrections to pure GGA energies and never intended to use the Fe correction outside the space of Fe fluorides. Indeed it was unclear whether the GGA error in the reaction was rooted in the Fe energy, the LiFeF 3 energy, or some combination.
Here, we show that the same accuracy can be obtained using our methodology that mixes GGA and GGA + U calculations. Although we are now working in the space of fluorides, we use the U value and element shift determined for binary oxides (compiled in Table I ) to determine the voltage of reaction [8] under a mixed GGA/GGA + U scheme. Our strategy, in accordance with Fig. 1 , is to use standard GGA for Fe and LiF and to use GGA + U adjusted by Eq. (6) for LiFeF 3 .
We summarize our results in Table II . We calculate a voltage of 2.60 V under our mixed scheme, virtually identical to Doe et al.'s fitted results, but without an explicit fit to any fluoride data. For comparison, the pure GGA + U voltage for reaction [8] is 3.46 V, far from the measured voltage. Therefore, the calculation of conversion-electrode voltages represents another area where the results from multiple functionals may outperform results from a single functional.
V. DISCUSSION
We have outlined a procedure by which energies may be calculated using different theoretical frameworks (GGA and GGA + U) but then adjusted so that relative energies between the frameworks are properly reproduced. This allows one to divide chemical space into regions which are better represented 045115-7 by either GGA or by GGA + U (Fig. 1) but still having the possibility of predicting energies of reactions which cross both spaces. This was demonstrated in Sec. IV A where we accurately predicted ternary-oxide formation enthalpies from the elements, in Sec. IV B where we demonstrated how GGA and GGA + U calculations could be stitched together to create a Fe-P-O phase diagram that matched experimental observations, and in Sec. IV C where we successfully reproduced the conversion voltage of an LiFeF 3 electrode. We note that the particular adjustments reported in this work depend on the U parameter employed and will need to be refit from the values listed in Table I if different U values are used. In addition our adjustments depend on the particular O 2 energy used. Although we have reported good results using the energy correction proposed by Wang et al., 15 the adjustments would need to be refit should a different O 2 energy be more applicable.
We assume in this work that within a chemical class such as the oxides, a single U value for each metal can describe the entire class. However, previous studies have shown that even within a single chemical class (oxides, phosphates, etc.), the optimal U values for a metal may vary between compounds or depend on the particular property being investigated. 9, 13, 49 Our assumption of a single U value for each metal, while common in the literature, may thus limit the accuracy of the results obtained with our technique. We note that it is possible to extend our method so that a single metal may have several U parameters provided that appropriate experimental data exists. For example, we may choose to apply U = 4.0 for Fe d orbitals in oxides but U = 1.9 for Fe d orbitals in sulfides. 18 In this case all Fe compounds with U = 4.0 would use an energy-adjustment fit using binary-oxide data, whereas all Fe compounds with U = 1.9 would use an energy-adjustment fit using binary-sulfide data only. Alternatively we could attempt to fit different U values for Fe 2+ and Fe 3+ and calibrate each class using only binary data with the appropriate oxidation state. The number of divisions possible for a single metal is limited by the amount of relevant experimental reaction data available. In essence the schematic concept of Fig. 1 can be extended to more than two functionals and chemical spaces. As long as the compounds in the spaces can be connected through simple reactions for which accurate data can be obtained, the approach described in this paper can be applied. While we used experimental data to connect GGA and GGA + U calculations, one could also use more accurate and computationally expensive approaches to obtain the energies of the small set of reactions that connect these spaces.
Despite these limitations we have shown that mixing GGA and GGA + U results performs well even in challenging situations such as reproducing the Fe-P-O phase diagram while adding no additional computational cost over standard GGA + U calculations. It is currently unclear whether functionals beyond GGA, such as the hybrid techniques mentioned in Sec. I, would produce more accurate results despite their greater computational expense. The formation enthalpies of binary-transition metal oxides, for example, were found by Chevrier et al. to have a fairly large average error of 0.35 eV per O 2 using the HSE06 functional. 25 This average error cannot be directly compared with our technique because our adjustments are fit to binary-oxide data. However, it seems likely that HSE06 alone will not produce metal-to-oxide reaction energies that are accurate enough for many applications. This suggests the greater need for techniques to mix results from several functionals, each of which is specialized for a more narrow chemical space.
VI. CONCLUSION
In this work we have demonstrated a procedure by which experimental data can calibrate an adjustment that allows direct comparison between GGA and GGA + U energies. We can envision such a framework as dividing formation reactions into subreactions that are accurate in GGA alone, accurate in GGA + U alone, or are reactions with tabulated formation enthalpies. We applied this framework to model ternary-oxide formation enthalpies more accurately than a pure GGA + U scheme, showing that mean absolute relative errors could be reduced from 7.5-21% to less than 2%. In addition we demonstrated that our methodology could successfully reproduce the ternary-phase diagram of the Fe-P-O system in which either the GGA or GGA + U formalisms alone failed to reproduce all known phases in this system. We presented some evidence of applicability of our approach beyond oxides into the fluorides by successfully computing the reaction voltage of the LiFeF 3 conversion electrode. Our results indicate that the general approach of mixing results from several specialized functionals present a promising opportunity to improve the accuracy of challenging total energy computations. 41 GGA + U alone using oxygen corrections from Wang et al. 15 and from this work, and mixed GGA/GGA + U with the element corrections proposed in this work. 
APPENDIX
